Abstract: The repetitive self-assembled structure of amyloid can serve as inspiration to design functional materials. Herein, we describe the design of a/b6, a peptide that contains distinct ahelical and b-structure forming domains. The folding and association state of each domain can be controlled by temperature. At low temperatures, the a-domain favors a coiled-coil state while the b-domain is unstructured. Irreversible fibril formation via self-assembly of the b-domain is triggered at high temperatures where the a-domain is unfolded. Resultant fibrils serve as templates upon which reversible coiled coil formation of the a-domain can be thermally controlled. At concentrations of a/b6 2.5 wt%, the peptide forms a mechanically defined hydrogel highlighting the possibility of designing materials whose function can be actively modulated by controlling the folded state of proteins displayed from the surface of fibrils that constitute the gel.
Introduction
The misfolding of proteins can result in a variety of different diseases that are characterized by the accumulation of amyloid fibrils rich in b-sheet structure. 1, 2 Over the last decade, however, several examples of nonpathological amyloids have been discovered in nature, including the curli 3,4 amyloid fibrils of Escherichia coli biofilms and the Pmel 17 5, 6 fibrils used to template melanin biosynthesis in eukaryotes. Inspired by these functional natural systems, self-assembling peptides have been designed that yield b-rich fibrils, which have been used to prepare materials for a diverse array of biological and nanotechnological applications. 7, 8 In addition to b-sheet motifs, [9] [10] [11] helical secondary structure has also been explored for self-assembly. [12] [13] [14] [15] [16] [17] To date, self-assembled materials have largely been engineered from either sheet or helical monomeric building blocks. Although materials prepared from pure secondary structures can been designed for function, for example, the display of bioactive epitopes [18] [19] [20] [21] [22] or catalytic behavior, [23] [24] [25] [26] the use of mixed structures where both sheet and helices self-assemble is less developed. 27 Designing monomeric self-assemblers containing both a-and b-secondary structure is challenging but offers the promise of exploiting the functional specialties of both within one material. For example, b-structure can be used to form structurally stable fibrils as templates upon which to build functional helical domains.
Here we present a new fiber forming peptide, a/ b6, which is comprised of both b-sheet and a-helical domains. Unlike traditional mini-proteins, [28] [29] [30] which can incorporate sheet and helical domains that interact with each other to form tertiary and even quaternary structures, a/b6 is designed to form fibrils where self-association only occurs between like-domains (i.e., sheets with sheets, helices with helices). This independent, yet cooperative assembly process affords the ability to distinctly control the folding and self-assembly of each peptide domain using temperature (Fig. 1) . When the lyophilized peptide is initially dissolved in buffer, low temperatures favor coiled-coil formation, and a b-domain that has an undefined conformation (state A). Increasing the temperature drives hydrophobic collapse and leads to the assembly of the b-domain, while causing denaturation of the helical domain (state B). This results in the formation of b-sheet fibrils upon which the folding and assembly of the helical domain can be dynamically controlled. While the self-assembly of the b-domain is irreversible, the helical domain can continue to undergo reversible coiled-coil formation at the periphery of the cross bspine (alternating between states B and C). This affords a material in which the b-domain largely acts as an inert scaffold for displaying a stimuliresponsive a-domain.
Results and Discussion
Peptide design a/b6 is composed of an N-terminal b-hairpin sequence, followed by a spacer consisting of nine lysine residues and a C-terminal helical region capable of coiled-coil formation (Table I, The helical domain, referred here simply as "a", is a sequence capable of forming parallel coiled coils and was inspired by a peptide developed by Keeler et al. [ Table I , Fig.  2(B) ]. 36 The a domain contains hydrophobic residues at the a and d positions of its heptad repeat with a unique high content of methionine at these positions. We made a single lysine to tryptophan substitution to use as a spectroscopic handle. This particular coiled-coil was chosen for several reasons. First, the high lysine content of the amino acid composition increases the solubility of the a-portion of the a/b6 construct, which is particularly important during the onset of b self-assembly leading to fibril formation. Second, the coiled coils formed by a should begin to melt at a temperature that coincides with thermal triggering of the hydrophobic effect, which drives the self-assembly of b. Lastly, the relatively short sequence (21 residues) of a should allow for the facile synthesis of the 50 residue a/b6 on solid phase using standard Fmoc chemistry. The full-length a/b6 peptide is designed to allow the hairpin portion to self-assemble into a cross-b spine, while the poly-lysine linker extends the helical domain away from the fibril where it can ultimately form coiled-coil structures when solution conditions permit. In such an arrangement, a fully folded a/b6 monomer in its self-assembled state would be about 10 nm in length, as shown by the model in Figure 2 (C). Previous solid-state NMR Figure 1 . Temperature-dependent self-assembly of de novo designed a/b6. d e f g a b c d e f g a b c d e f g a b c a/b6 MEEK MKAMEEK LKWMEEK LKK studies of the self-assembled state of b indicate that it adopts a b-hairpin conformation within fibrils characterized by a bilayered cross-b structure. Bilayer formation is driven by the burial and association of valine side chains in its core. Hairpins assemble with an in-register Syn-orientation within each b-sheet monolayer (turns on the same side), and an Anti-orientation between layers (turns on opposite side). 37 It should be noted that this Syn/ Anti arrangement of hairpins is specific for the sequence of b alone and can change when other structural components are included in the design. For example, racemic mixtures of b and its enantiomer form bilayered fibrils where hairpins adopt an Anti/Anti arrangement. 38 For a/b6, we expect that the assembly of the parallel coiled-coils at low temperature would preorganize the chain orientation of the unfolded b-domain (state A, Fig. 1 ) and induce a Syn-Syn arrangement of the hairpins as depicted in Figure 2 (A).
Secondary structural analysis of a, b, and a/b6
All of the peptides (a, b, and a/b6) were synthesized by standard solid phase peptide synthesis and purified to homogeneity by preparatory HPLC ( indicating that the peptide forms coiled-coil dimers and trimers, with the trimer being heavily favored ( Fig. S4 , Supporting Information). For full length a/b6 under the same buffer conditions as the individual domains, CD at low temperatures reveal a spectrum that is a mixture of a-helix and random coil [ Fig. 3(C) ]. This is consistent with the a-portion of a/b6 adopting coiled-coil and its bportion adopting random coil (State A in Fig. 1 ). As the temperature is increased, there is a reduction of the 208 nm minimum indicative of a loss in helical structure, and an increase in a broad peak around 218 nm corresponding to heat triggered folding of the b domain (State B). Gratifyingly, when the temperature is cooled from 80 to 208C, the mean residue ellipticity at both 208 and 222 nm becomes more negative, indicating renaturation of the a-domains. The final spectrum after heating and subsequent cooling to 208C displays signals consistent with a fully folded and self-assembled a/b6 (State C), and resembles the mixed CD signatures of nonassociating water-soluble a/b-proteins.
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FTIR can also be used to follow transitions in secondary structure as shown in Figure 3(D) . Spectra were collected for the amide I 0 region of the individual a and b peptides, as well as full length a/b6. Prior to the FTIR measurements, the peptides were heated to 708C to trigger b self-assembly and then cooled to 208C to allow renaturation of the a domain. At the concentrations used (2.5 wt% peptide), both b and a/b6 formed hydrogels, indicating that both can form higher ordered fibrillar networks. b shows a band at 1614 cm 21 indicative of b-sheet secondary structure, 31,40 while a exhibits a broad peak at 1642 cm 21 often observed for coiled coils. 41 The presence of both of these amide I 0 bands (1614 and 1642 cm 21 ) confirms the presence of both helical and b-sheet secondary structures in the fully folded and assembled fibrillar state of a/b6 (State C).
Local fibrillar nanostructure
The local morphology of the fibrils formed by a/b6 was studied using transmission electron microscopy (TEM) and atomic force microscopy (AFM) (Fig. 4) . 4(B) ]. Statistical analysis of the micrograph indicates fibril heights that span 1.6 to 2.6 nm, with an average of 1.8 6 0.3 nm. Fibril height is defined by both the coiled-coil domain and the hairpin bilayer. The height of a/b6's coiled coil region can be determined by approximating its shape as a uniform triangular prism [ Fig. 4(C) ] where the length of each of the triangular sides is defined by measuring the distance between the E-amino groups of Lys42 contained in each helix of a model three-stranded coiled coil. This residue is centrally located along the length of the coiled-coil at a solvent exposed b-position of the heptad repeat. Using this length (s 5 2.1 nm) and the equation s 2 5 (s/2) 2 1 h, the height (h) was determined to be 1.8 nm. With respect to the bdomain, its height is defined by the b-hairpin bilayer, which is about 2.3 nm. Fibril heights, determined by AFM, are consistent with the formation of both the three-stranded coiled and b-bilayer domains of fully folded and assembled a/b6. Taken together, the microscopy data supports the model of fibril assembly (State C) depicted in Figure 4 (C).
The nine-residue spacer between the a-and bdomains was designed to provide enough flexibility for efficient helical assembly unencumbered by the cross b-spine. In the model, three-stranded coiled coils can be formed by two helices emanating from the C-termini of neighboring hairpins in one monolayer (e.g., the top monolayer) of the b-spine and a third helix donated by a hairpin from the opposing bottom monolayer (Fig 4(C) . This motif can alternate (e.g., one helix from the top monolayer and two helices from the bottom monolayer) and repeat as one traverses down the long axis of the b-spine. It should be noted that although this model shows only the formation of three-stranded coiled coils, other aggregation states could surely exist. For example, the AUC data collected for the a peptide alone (Fig.  S4 , Supporting Information) suggest that twostranded coiled coils may also be likely. The fibrils formed by a/b6 can entangle to form a higher order network structure when selfassembly is performed at high concentrations. For example, 2.5 wt% solutions of a/b6 form a selfsupporting optically clear hydrogel comprised of fibrils. The hydrogel is viscoelastic in nature (G 0 250 Pa) and exhibits no crossover between storage modulus (G 0 ) and loss modulus (G 00 ) over a 0.1 to 100 rad s 21 frequency range, behavior indicative of a moderately rigid gel (Fig. S5 , Supporting Information). 
Dynamic folding of the a domain displayed from b-fibrils
The CD and IR data in Figure 3 is consistent with a/b6 undergoing temperature-dependent structural transitions leading to the formation of fully folded and assembled State C. The ability of the a-domain of a/b6 to undergo dynamic reversible coiled-coil formation was probed using CD by monitoring the mean residue ellipticity at 208 nm, a characteristic band of helical secondary structure, as a function of temperature (Fig. 5) . Although the CD spectra of helical structures are characterized by minima at both 208 and 222 nm, the band at 208 for a/b6 is less complicated by the strong negative absorption of its b-domain. In this experiment, the temperature of a freshly prepared buffered solution of a/b6 is raised to 808C to melt the coiled coil a-domain and initiate the self-assembly of the b-domain accessing state B [ Fig. 5(A) ]. The ellipticity at 208 nm is indicative of an unfolded a-domain [ Fig. 5(B) ] (first data point).
The temperature was then decreased to 208C, a temperature below the T m of the a-domain. In response, the signal at 208 nm decreases, indicating the formation of coiled coil structure, characteristic of State C. Importantly, subsequently raising the temperature to 808C melts this structure and an increase in [h] 208 to its original value is observed, indicative of State B. Repetitive fluctuations of temperature between 20 and 808C fold and melt the a-domain, respectively, as indicated by CD. This dynamic behavior was accessed over 8 structural transitions, suggesting that the b-domain forms stable fibrils upon which dynamic folding processes can reversibly occur. It is possible that repeated exposure to high temperatures could cause a small portion of the helical domains to aggregate in extended sheet-like conformations, which could explain the small degree of hysteresis observed after multiple temperature cycles, and this would indicate a finite lifetime for the material. At any rate, the data demonstrates that the folding and unfolding of the helical domain of a/b6 displayed from the edges of its fibrils can be controlled over several cycles.
Conclusions
Functional amyloid can serve as inspiration for new materials formed by self-assembly. Herein, we show that b-sheet rich fibrils formed by self-assembly can serve as structural templates upon which protein folding events can be thermally controlled. The bdomain of the de novo designed peptide a/b6 undergoes thermally-induced self-assembly to form structurally defined fibrils from which its a-domain can reversibly form coiled coil structure as a function of temperature. This design offers temporal and spatially-resolved control over protein folding events.
Although not explored here, the ability of a/b6 to form hydrogels offers the possibility of designing dynamic gels whose function can be turned on and off by controlling the folded state of proteins displayed from the surfaces of fibrils that constitute the material.
Materials and Methods

General
Low loading Rink amide resin (0.36 mmol/g) was purchased from Polymer Laboratories. 9-Fluorenylmethoxycarbonyl (Fmoc) protected amino acids were obtained from Novabiochem. N-methyl pyrrolidone (NMP) was purchased from EMD Biosciences.1H-benzotriazolium1-[bis(dimethylamino)-methylene] 5-chlorohexafluorophosphate(1-),3-oxide (HCTU) was purchased from Peptides International. Dimethyl formamide (DMF), methylene chloride, acetic anhydride, acetonitrile and methanol were acquired from Fisher. Piperidine, 1,8-diazabicyclo [5.4 .0]-undec-7-ene (DBU) and triisopropylsilane were acquired from Sigma Aldrich while trifluoroacetic acid and D 2 O were obtained from Acros Organics. Guanidine hydrochloride (GdHCl) was purchased from MP Biomedicals. Vydac analytical and semipreparative scale C18 peptide/protein column were 
Peptide synthesis
Peptides were prepared by standard Fmoc solid phase peptide synthesis using an ABI 433A synthesizer, low-loading Rink amide resin (0.25 mmol scale), and employing HCTU activation. Low resin substitution of 0.36 mmol/g and mild heating of the reaction vessel at 308C were used to aid the synthesis. Nineteen percent Piperidine, 1% DBU in NMP was used for Fmoc deprotection. A cleavage cocktail consisting of 95:2.5:2.5, TFA, triisopropylsilane, and water was used to affect resin cleavage and simultaneous side chain deprotection. The resin was separated by filtration and the peptide precipitated in cold ether to afford the crude peptide. b and a/b6 possess an N-terminal free amine, whereas the Nterminus of a-is acetylated.
Peptide purification
Crude peptides were purified using semi-preparative scale reverse phase HPLC employing the following gradients of solvent A (0.1% TFA in water) and solvent B (90% acetonitrile, 10% water, 0.1% TFA). For a, an isocratic condition of 0% solvent B per min for 2 min was followed by an initial linear gradient from 0 to 30% B in 8 min, then another gradient of 30 to 100% B in 280 min. b was purified at 408C using an isocratic condition of 0% B for 2 min followed by linear gradients of 0-15% B in 8 min and 15-100% B in 170 min. For a/b6, 0% solvent B was held isocratically for 2 min., with linear gradients of 0-27% solvent B in 8 min and 27-100% solvent B in 294 min applied to elute the peptide off the column in 30 min. Purified peptides were lyophilized and purity was assessed by analytical HPLC and ESI-MS.
Circular dichroism (CD) spectroscopy
CD studies were performed on a JASCO J-810 spectropolarimeter at a peptide concentration of 150 mM, in 125 mM borate and 10 mM NaCl, pH 9.0. Peptide concentrations were determined spectrophotometrically. For a and a/b6, tryptophan absorbance was measured at 280 nm in 6M GdHCl (E 280nm 55690 M 21 cm 21 ), 42 while the absorbance of b in pure water was determined at 220 nm (E 220nm 5 15,750 M 21 cm 21 ). 31 Three hundred micromolar stock solutions of the peptides in water were stored on ice to prevent the slow self-assembling of the b domain that can occur at room temperature. The CD samples were prepared by mixing peptide stocks with 23 borate buffer (pH 9, 250 mM borate and 20 mM NaCl) in a 1:1 ratio. The samples were then transferred to a 1 mm quartz cell. Wavelength spectra were collected at 1 nm intervals from 190 to 260 nm, at temperatures between 5 and 808C in 58C increments, with an equilibration time of 10 min at each temperature. Raw ellipticity was processed by subtracting out appropriate blanks and converting to mean residue ellipticity ([h] 5 h obs /(10lcr), where h obs is the observed ellipticity in millidegrees, l is the pathlength of the cell in cm, c is the concentration of peptide in mol/L, r is the number of residues). Folding and unfolding of the helical domain of a/b6 was studied by recording [h] 208 nm during repeated cycles of heating and cooling between 20 and 808C in 58C intervals with a 10 min equilibration time at each temperature prior to data collection.
Hydrogel preparation
A representative procedure to prepare 500 mL of 2.5 wt% hydrogel is provided below. The 12.5 mg of the desired peptide (b or a/b6) was dissolved in 250 mL of water. To this solution, 250 mL of pH 9 buffer containing 250 mM borate and 20 mM NaCl was added to afford 500 mL of a 2.5 wt%, that is, 25 mg mL 21 hydrogel with 125 mM borate and 10 mM NaCl at pH 9.
Fourier transform infrared spectroscopy (FTIR)
IR spectra were collected on a Nicolet Magna-IR 860 spectrometer using a 0.03 cm pathlength ZnSe flow cell. Peptides were dissolved in 0.1 N HCl and lyophilized to remove the TFA counterion, which interferes with the measurements of the amide I 0 peaks, then redissolved in D 2 O and lyophilized again. In a typical experiment, 2.5 wt% peptide in borate buffer (125 mM borate, 10 mM NaCl, pH 9.0 in D 2 O) was heated to 708C in a sand bath for 10 min and then cooled to 208C. The sample was then loaded into the ZnSe flow cell and spectra were recorded at room temperature. All spectra are appropriately background subtracted.
Analytical ultracentrifugation (AUC)
Sedimentation equilibrium experiments for the a domain were carried out in a Beckman Coulter Proteome Lab XL-I analytical ultracentrifuge using an An-60-Ti rotor and UV-Vis detection. Absorption data was collected at 280 nm using 12 mm pathlength Epon charcoal-filled two sector centerpieces. Sample conditions consisted of 100 mM peptide in and pH 9 buffer (125 mM borate and 10 mM NaCl). The temperature was maintained at 208C and radial scans were recorded at 32,000, 37,000, and 42,000 rpm after 20, 22, and 24 h of equilibration at each speed. The sample was confirmed as equilibrated at each speed when the three aforementioned scans exactly overlay. Solvent density (q) and partial specific volume ( v) were calculated as described by Laue. 43 Values of ( v.q) 0.7551 was used for fitting.
Sedimentation equilibrium data were analyzed in Igor Pro (Wavemetrics) and fit to a single ideal species using global analysis program developed by Dr. J.D. Lear.
Transmission electron microscopy (TEM)
Bright field images were obtained at an accelerating voltage of 120 kV on a FEI Technai-12 transmission electron microscope equipped with a Gatan CCD camera. A 2.5 wt% solution of a/b6 was prepared in pH 9 buffer and was heated at 708C for 1 h and subsequently incubated overnight at room temperature. The resultant gel was diluted 40-fold with water and a 4 mL aliquot was placed on a carbon coated Cu grid (mesh size 5 400). Excess solution was blotted using a filter paper. Four microliter of 1 wt% uranyl acetate was added to the grid for negative staining, and the excess was blotted away. Fibril width was measured from the electron micrographs using ImageJ (NIH).
Atomic force microscopy (AFM)
Imaging was carried out on a Veeco Dimension atomic force microscope in the tapping mode. High frequency silicon tips from Budget Sensor (BSTap300Al) with a force constant of 40 Nm 21 , frequency of 300 KHz and scan rate of 0.75 Hz were used for imaging the peptide fibrils. The 2.5 wt% a/b6 was heated at 708C for 1 h and subsequently incubated overnight at room temperature, and then diluted 100-fold with water. A 5 mL aliquot of this diluted solution was deposited on a freshly cleaved mica surface. The fibrils adsorbed on the mica surface were rinsed with 200 mL aliquots of water five times and dried using a slow stream of N 2 . The fibril height was calculated by section analysis using the Digital Instruments software.
Oscillatory shear rheology
Rheology studies were performed on a Paar-Physica rheometer from Anton-Paar. Stainless steel parallel plate geometry and a gap distance of 0.5 mm were used. Dynamic time sweep experiments at an angular frequency of 6 rad s 21 and a strain of 0.2% were carried out using the following temperature gradient. The temperature was increased first increased from 25 to 708C in 3.3 min, followed by equilibration at 708C for 120 min, a linear temperature gradient 70 to 258C in 45 min and an additional equilibration at 258C for 20 min. The temperature was further maintained at 258C for the remainder of the measurements. Time sweep experiments were immediately followed by frequency sweep experiments that varied the frequency from 0.1 to100 rad s 21 at 0.2% strain. Finally, strain sweep experiments were performed by varying the strain from 0.01 to 100% at a constant angular frequency of 6 rad s 21 .
